A description is given of a novel member of the yeast genus Pichia that was recovered 13 times in the Sonoran Desert from necrotic tissue of cereoid cacti. Most of the isolates came from organ-pipe cacti. The new yeast occurs in the cactus "rot pockets" in the haploid condition and is heterothallic. Upon mixing of appropriate mating types, zygotes developed with hat-shaped ascospores. Physiologically, the haploid strains resemble Candidu tenuis, but this species has a different habitat and shares only 9.2% of its nuclear deoxyribonucleic acid base sequences with P. mexicana. The sexual state is physiologically similar to P. stipitis and an as yet undescribed cactus-specific species of the genus Clavispora, but their deoxyribonucleic acid sequence complementarity is less than 7% compared with P . mexicana. The base composition of the nuclear deoxyribonucleic acid of P. mexicnna ranged from 42.2 to 43.0 mol% guanine plus cytosine (five strains). The type strain of P. mexicana is UCD-FST 76-308A (= ATCC 42175 = CBS 7066) and the complementary mating type is UCD-FST 76-391B (= ATCC 42176 = CBS 7067).
The decaying stems of columnar cacti have been shown to be a suitable environment for a diverse community of yeasts (1, 13; W. T. Starmer et al., Evol. Biol., in press). Most cactus-specific yeasts have limited physiological abilities, and several of these are relatively widespread with respect to their occurrence in different cactus species. For example, Pichia cactophila Starmer et al. (15) has been isolated from 14 species of columnar cacti and several species of Opuntia cacti. yet this yeast utilizes only 5 to 7 of the 37 carbon compounds commonly employed in taxonomic studies. P . cactophila thus appears not only to represent an example of a physiological specialist but also to be an ecological generalist. Some cactus-specific yeasts, however, have more generalized physiological abilities and relatively restricted ecological distributions. These cases represent physiological generalists that are also ecological specialists. One such yeast is the subject of this paper.
During cactus yeast surveys conducted in 1974 and 1976 in Arizona and in Sonora and Baja California, Mexico, 13 strains of yeasts were isolated and identified as members of the species Cundida tenuis Diddens et Lodder. These strains are physiologically rather similar to C. tenuis, and the nucleotide compositions of their nuclear deoxyribonucleic acids (DNAs) (ca. 42 mol% guanine plus cytosine [G+C] ) are also similar. For these strains the key to the species of Candida constructed by van Uden and Buckley (20) leads directly to C. tenuis. However, C. fencris was isolated mainly from bark beetles associated with coniferous trees (20), whereas all of the isolates studied here came from decaying stems of cacti. More recently, the cactus isolates were demonstrated to have a sexual cycle and produce hat-shaped ascospores after the mixing of complementary mating strains. The sexual forms are physiologically similar to both P . stipitis and an as yet undescribed heterothallic cactus-specific species belonging to the genus Clavispora.
In this paper we present data on DNA-DNA sequence homology studies and ecological features which demonstrate that the cactus isolates represent a distinct species. We also show that the physiological similarity of the cactus isolates with C. tenuis, P. stipitis, and Clavispora sp. is most likely due to evolutionary convergence. The results of studies on physiology, mating compatibility, habitat specificity, and macromolecular characteristics are the basis for a description of the yeast as a new species.
MATERIALS AND METHODS
Necrotic cactus tissue samples yielding the new yeast were collected in southern Arizona and Sonora, Mexico, in 1974 and in Baja California and Sonora, Mexico, during 1976 (Table 1) . The techniques for yeast isolation and purification were described previously (8). Yeast strains used in the DNA-DNA sequence homology studies are listed in Table 2 . ' A map of these locations is given in reference 15.
' Common plant names are in brackets.
The phenotypic characterization of the isolates was carried out by methods currently used in yeast taxonomy (19) . DNA extraction and purification were carried out by the methods described by Price et al. (10) . The G+C content of the nuclear DNA was calculated from buoyant density values in cesium chloride gradients established in a Spinco model E analytical ultracentrifuge equipped with photographic optics (12, 18) and was based on three separate determinations. Micrococcus lrcteus (synonym: "Micrococcus lysodeikticus" [not on the Approved Lists of Bacterial Names (ll)]) strain 2039 (International Collection of Phytopathogenic Bacteria, Department of Bacteriology, University of California, Davis) DNA, with a buoyant density of 1,7311 g/ml, was used as a reference. The buoyant density of the " M . lysodeikticus" DNA was derived from comparison with plasmid-free Escherichia coli K-12 DNA, the buoyant density of which was taken to be 1.7100 g/ml. Concentration and shearing of DNA for homology studies and the procedure for labeling the reference DNA with '''1 were done as described by Holzschu et al. (3) . Denaturation of DNA, incubation conditions for reassociation, and analysis of the renaturation kinetics, reannealing reactions, and quantitation of single-and double-stranded DNA were done following the protocol of Price et al. (9) . Samples were counted in a Nuclear-Chicago 1185 gamma ray counter (90% efficiency).
sequence homology on the basis of the close similarity of their nuclear DNA base compositions. The results of the DNA-DNA reassociation experiments are shown in Table 3 . The five strains of the new yeast, which were collected from different geographic localities and two different cactus species, had greater than 93% sequence complementarity, thus showing that ' Corrected for self-renaturation of labeled DNA (10) .
Average of triplicate samples, corrected for zero-time binding (10 In extract0 malti, cellulae ovales, cylindricae, angulatae, elongatae, 1.4-4.0 x 2.2-24.3 pm, singulae aut in catenis brevis.
Cultura in agaro malti post unum mensem (20°C): flavalbida, parum nitens, mollis, plana, effusa striis transversis, margo pilosa.
In agaro farinae Zea mais post dies 10, pseudomycelium, blastosporae abundat. Species heterothallica haploidea. Orientur asci ex conjugatione inter cellulas sexus contrarii. Pileiformae ascoporae formantur ad 1-4 in quoque asco; asci rumpunter post 3-5 dies.
Fermentatio glucosi, non fermentantur galactosum, maltosum, sucrosum, lactosum, cellobiosum nec trehalosum.
Assimilantur glucosum, galactosum, maltosum, saccharum, cellobiosum, trehalosum, lactosum (lente), melezitosum, D-xylosum, L-arabinosum, D-arabinosum, D-ribosum, L-rhamnosum, ethanolum, glycerolum, erythritolum, ribitolum, galactitolum, mannitolum, glucitolum, alpha-methyl-D-glucosidum, salicinum, glucono-delta-lactonum, acidum succinicum, acidum citricum, et hexadecanum.
Non assimilantur L-sorbosum, melibiosum, raffinosum, inulinum, amylum solubile, methano h m , 2-et 5-keto-gluconatum, acidum lacticum, meso-inositolum, nec D-glucosaminum.
Kalium nitricum et natrium nitrosum non assimilantur.
Amylum non formatur. Ad crescentiam biotinum et thiaminum necessariae sunt.
Crescere potest in 42"C, nullum incrementum calore 45°C.
G + C acidi deoxyribonucleati 42.2-43.0 (5 stirpes, vide tabulum 2).
Typus: Stirps UCD-FST 76-308A ex tabidosus sacculis Stenocereus giimmosiis, Palmilla, Baja California Sur, Mexico, isolata est.
Description of P . mexicana. Growth in malt extract: After 3 days at 24"C, the cells are ovoidal to cylindrical and measure 1.4 to 4.0 pm by 2.2 to 24 pm. They occur mostly in chains, with some small clusters of cells present.
Growth on malt extract agar after 1 month (21°C): The streak culture is yellowish white, semiglossy, and flat with transverse striations; the texture is pasty; the growth is spreading and the margin is fringed with pseudomycelium.
Dalmau plate culture on cornmeal agar: After 7 days, extensive pseudomycelium with abundant blastospores is present. True hyphae and arthrospores are not formed.
Formation of ascospores: Several sporulation media were employed; mixes of all strains were made on malt, on yeast malt extract, on V-8, on dilute V-8, and on gorodkowa and acetate agars. Sporulation was observed on diluted malt agar (1 to 2%) after 7 to 14 days, but zygote formation and sporulation were infrequent events. Vegetative cells are haploid and heterothallic. The mixing of compatible strains led to conjugation, with one of the two cells increasing in size and forming the zygote. Ascospores generally developed in the zygote (Fig. l) , rarely in a diploid cell arising from the zygote. One to four hatshaped spores, each containing a refractile globule, were produced per ascus (Fig. 1) ; the asci dehisce, releasing spores in groups of two to four. Spores soon swell at maturity, making it difficult to observe the brim.
Fermentation of glucose: Glucose is vigorously fermented. Galactose, maltose, sucrose, lac- Table 2 ).
Type: The type strain, UCD-FST 76-308A, was isolated from a soft-rot pocket of agria cactus, Stenocereus gi4mrnosus (Engelm.) Horak et Gibson, near Palmilla, Baja California, Mexico. The opposite mating type, UCD-FST 76-391 B, was isolated from organ-pipe cactus, Stenocereus thurberi (Engelm.) Buxbaum, near Guaymas, Sonora, Mexico. Strains 76-308A and 76-391B have been deposited in the collection of the Yeast Division of the Centraalbureau voor Schimmelcultures in Delft, the Netherlands as CBS 7066 and 7067, respectively, and in the American Type Culture Collection, Rockville, Md., as ATCC 42175 and 42176, respectively.
DISCUSSION
P. rnexicana represents an unusual cactusspecific yeast in several respects. Seven of the 13 strains studied came from organ-pipe cactus, and P. rnexicana is the fourth most common yeast of 13 species isolated from organ-pipe cactus (Starmer et al., in press ). In a large survey of yeasts associated with decaying cactus erate). imide per ml: Negative. (Starmer et al., in press) , the yeast now known as P. rnexicana accounted for 10% of the yeasts isolated from organ-pipe cactus and 1% of the yeasts isolated from all other species of cactus. P . mexicana thus appears to have a preference for organ-pipe cactus, although it is not dominant in it. This yeast species has relatively broad and diverse physiological abilities. Notable among these are hexadecane utilization, gelatin liquefaction, and lipolytic activity. This last characteristic is correlated with the lipid chemistry of its major host plant, organ-pipe cactus.
Organ-pipe cactus has unusual lipids associated with the stem tissue (4). The major components are medium-chain fatty acid esters of several sterol diols and medium-chain fatty acid esters of two neutral triterpenes (betulin and calenduladiol). Organ-pipe cactus lacks the normal plant fatty acids (except for trace amounts of c 1 6 and C18 fatty acids). The lipid components make up 8 to 12% of the dry weight of the tissue, and the medium-chain fatty acids are hexanoic (c6), octanoic (Cg), decanoic (c,~), and dodecanoic (CQ) acids. These fatty acids (in the undissociated form) are known to be fungistatic to most yeasts (17,21), and lipolytic yeasts such as P. mexicana should have an advantage in tissue which contains these compounds. It is noteworthy that the only other lipolytic cactusinhabiting yeast, Candida ingens van der Walt et van Kerken, is also frequently isolated from organ-pipe cactus, where it is the third most common yeast species (Starmer et al., in press) . The latter species was demonstrated to use volatile fatty acids as carbon sources and showed a preferential uptake of these acids in increasing order of molecular weight (2). The physiological ability of P. mexicana is thus coincident with the unusual chemistry of its major host plant. Whether this is the reason for its restricted distribution and ecological specialization is not firmly established, but the notion is worthy of further investigation.
The results of the DNA-DNA homology experiments (Table 3) indicate that P . rnexicanu is not conspecific with C . tenuis, P. stipitis, P . ohmeri, or Clavispora sp. All of these species have similar physiological abilities and fairly similar G+C contents of their nuclear genomes. The physiological and nuclear DNA composition phenotypes of P . mexicana are thus the result of evolutionary convergence or parallelism with the above-mentioned species. The phenotypic characters differentiating the yeasts included in this study are shown in Table 4 . P . rnexicana also shows a superficial resemblance to Candida diddensii (Phaff et al.) Fell et Meyer. Phenotypically, C. diddensii differs from P. mexicana by not assimilating lactose and galactito1 and by fermenting glucose weakly or not at information is known about the G + C contents of the nuclear DNAs of these species. Since differences in the assimilation or fermentation of sugars may not provide good evidence for separate species status (lo), it may be that C. terebra or C . entomaea represents the imperfect state of P. mexicana. Proof of such a possible relationship must await determination of G+C contents, DNA-DNA complementarity, and mating compatibility. Evolutionary convergence is a constant problem in taxonomy, especially when the taxa are at the extremes of the phenotypic scale used in separating them. This is true in the case of several cactus-specific yeasts with reduced physiological abilities (low on the phenotypic scale: P. cactophila [15] , P. heedii [8], P. opuntiae [16] , and P. amethionina [14] ) and now has been demonstrated for a species with broad physiological ability (high on the phenotypic scale). It is interesting that those cactus yeasts which ?re intermediate on the phenotypic scale (Torulopsis sonorensis [ 5 ] , Cryptococcus cereanus [7] , and Candida mucilagina [9]) presented no difficulty in their recognition as distinct species. Macromolecular characteristics and ecological considerations have been instrumental in uncovering convergence in the extreme cases, and these results point toward a need both to broaden and to diversify the phenotypic scale used in yeast taxonomy.
